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The chemokine receptor CCR5 contains seven transmembrane-spanning domains. It binds 
chemokines and acts as co-receptor for macrophage (m)-tropic (or R5) strains of HIV-1. 
Monoclonal antibodies (mAb) to CCR5, 3A9 and 5C7, were used for biopanning a nonapep- 
tide cysteine (C)-constrained phage-displayed random peptide library to ascertain contact 
residues and define tertiary structures of possible epitopes on CCR5. Reactivity of anti- 
bodies with phagotopes was established by enzyme-linked immunosorbent assay (ELISA). 
mAb 3A9 identified a phagotope C-HASIYDFGS-C (3A9/1), and 5C7 most frequently identi- 
fied C-PHWLRDLRV-C (5C7/1). Corresponding peptides were synthesized. Phagotopes and 
synthetic peptides reacted in ELISA with corresponding antibodies and synthetic peptides 
inhibited antibody binding to the phagotopes. Reactivity by immunofluorescence of 3A9 with 
CCR5 was strongly inhibited by the corresponding peptide. Both mAb 3A9 and 5C7 reacted 
similarly with phagotopes and the corresponding peptide selected by the alternative mAb. 
The sequences of peptide inserts of phagotopes could be aligned as mimotopes of the 
sequence of CCR5. For phage 3A9/1, the motif SIYD aligned to residues at the N terminus 
and FG to residues on the first extracellular loop; for 5C7/1 , residues at the N terminus, first 
extracellular loop, and possibly the third extracellular loop could be aligned and so would 
contribute to the mimotope. The synthetic peptides corresponding to the isolated phagoto- 
pes showed a CD4-dependent reactivity with gp120 of a primary, m-tropic HIV-1 isolate. 
Thus reactivity of antibodies raised to CCR5 against phage-displayed peptides defined 
mimotopes that reflect binding sites for these antibodies and reveal a part of the gp1 20 bind- 
ing sites on CCR5. 
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1 Introduction 

Chemokines are chemotactic cytokines that are impor- 
tant for leukocyte trafficking [1-3]. They are secreted by 
various cell types and engage cognate receptors that are 

[I 20355] 

Abbreviations: CCR: CC chemokine receptor CXCR: CXC 
chemokine receptor RP: Reverse phase m-tropic: 
Macrophage-tropic MS: Mass spectroscopy s: Soluble 



located on macrophages, T lymphocytes and other leu- 
kocytes. According to the classification of their specific 
ligands four classes of chemokine receptors are known, 
including XC-chemokine receptors, CC-chemokine 
receptors, CXC-chemokine receptors, CX 3 C-chemokine 
receptors and a number of orphan chemokine receptor- 
like proteins [4-6]. Knowledge of the structure of chemo- 
kine receptors is incomplete, but they are proposed to 
have seven transmembrane-spanning domains. The ter- 
tiary structure of a related receptor, bacteriorhodopsin, 
has been solved [7]; the model possesses seven trans- 
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membrane helices arranged in a circular fashion. A simi- 
lar tertiary structure is proposed for chemokine recep- 
tors. Interest in chemokine receptors has been increased 
by the recognition that these also serve as co-receptors 
for HIV-1 entry into cells [6, 8-18]. At present as many as 
1 3 human chemokine receptors have been identified that 
function as co-receptors in vitro, and this number is likely 
to increase, although the relevance in vivo of most of 
them is questionable. In fact, only CCR5 and CXCR4, 
and to some degree CCR3 [1 6], may be relevant for viral 
entry in vivo. 

HIV-1 isolates are macrophage (m)-tropic, T cell (T)- 
tropic or dual-tropic according to their specificity for host 
cells. CCR5 is the major co-receptor for m-tropic HIV-1 
isolates, and CXCR4 for T-tropic isolates. However, as 
the classification m-tropic and T-tropic is imprecise, iso- 
lates have been renamed according to their co-receptor 
usage; isolates that use CCR5 or CXCR4 are called R5 or 
XR4 isolates, respectively [17]. Most primary isolates of 
various HIV-1 subtypes tested have been identified 
either as R5 or R5X4 virus, and none could use any of the 
other receptors for viral entry mentioned above [19, 20]. 
Additionally, there is evidence that CCR5 is important for 
primary infection in vivo. This includes the cell type 
expression of CCR5 [21] and the fact that HIV-1 isolates 
in early stages of infection are mainly R5 viruses [22]. 
Notably individuals with a mutant non-functional CCR5 
are highly resistant to HIV infection [23, 24]. Infection in 
vitro of CD4 + cells by R5 isolates is inhibited by the natu- 
ral ligands for CCR5 [25], by receptor antagonists [26], 
and also by murine mAb, including mAb 3A9 and 5C7 
that were raised against cells transfected with CCR5 
[21]. Both mAb inhibit m-tropic HIV-1 infection without 
affecting chemokine binding. Previous studies with mAb 
to CCR5 and with cells transfected with chimeric forms 
of CCR5 and CCR2b have indicated that there is an epi- 
tope near the N terminus of CCR5 for both 3A9 and 5C7 
[27], but precise binding sites for the mAb have not been 
identified. 

We therefore used a phage-displayed random nonapep- 
tide library to ascertain the contact residues for mAb to 
CCR5. We describe the isolation of phage clones (pha- 
gotopes) with highly homologous peptide sequences 
that do not have a direct linear correspondence with the 
sequence of the receptor and therefore define residues 
of a conformational epitope, /. e. a mimotope. Of two 
identified mimotopes, one defined contact residues on 
the N terminus and the first extracellular loop of the 
receptor, and another residues at the N terminus, first 
extracellular loop and a likely site on the third extracellu- 
lar loop. 
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2 Results 

2.1 Peptide sequences from phage-displayed 
libraries 

For mAb 3A9, 26 phage clones were isolated after five 
rounds of biopanning. All clones were tested by capture 
ELISA for reactivity with mAb 3A9 and 23 of 26 clones 
showed strong reactivity. After sequencing, 19 non- 
americ peptide inserts could be identified. Of these 19 
clones, 18 displayed an identical insert, C-HASIYDFGS- 
C, designated 3A9/1. One clone, 3A9/8, displayed the 
insert C-VYALIMPPL-C. The N- and C-terminal residues 
represent the cysteine "constraints" {see Sect. 4.2). For 
mAb 5C7, after three rounds of biopanning, 64 phage 
clones were isolated and tested by capture ELISA for 
reactivity with mAb 5C7. Nineteen clones showed very 
strong reactivity and sequencing revealed five different 
phagotypes (Table 1); the sequence of the peptide in- 
sert in the most frequently (15/19) isolated phagotope, 
5C7/1, was C-PHWLRDLRV-C. The remaining four 
sequences (Table 1) were each isolated once. 



2.2 Reactivity of mAb with phage clones and 
synthetic peptides by ELISA 

Phage clones were tested in a direct ELISA using the 
selecting mAb. As expected, the 18 phage clones show- 
ing the same insert (3A9/1) gave an identically high reac- 
tivity. The reactivity with phage clone 3A9/8 was slightly 
lower. For phages selected with mAb 5C7, the 1 5 clones 
(5C7/1) likewise showed high reactivity with mAb 5C7. 
The reactivity of the other four phagotopes was slightly 
lower (Table 1). Phage clones without an insert and those 
having a stop codon in the region coding for the insert 
served as negative controls. 

Two peptides, P3A9/1c and P5C7/1c, corresponding to 
the sequence of phagotopes isolated with mAb 3A9 or 
5C7, were synthesized and oxidized to form a disulfide 
bond between the two terminal cysteine residues since 
the constrained peptide insert is expected to be cyclic in 
the coat protein of the phage. The structure of the pep- 
tides was confirmed by mass spectroscopy (MS) (data 
not shown). The two mAb reacted with the correspond- 
ing synthetic cyclic peptides by ELISA in a dose- 
dependent manner (Fig. 1) although the reactivity was 
much less than that obtained using the phage immobi- 
lized on the plate. Both the cyclic and linear control pep- 
tides gave substantially lower degrees of reactivity 
(Fig. 1). The reactivity of P5C7/1c was almost tenfold 
greater than the reactivity of P3A9/1 c with mAb 3A9; the 
reactivity of P3A9/1c with mAb 3A9 was significantly 
greater than that of the control peptides only at the high- 



CCR5 mimotopes from mAb screening of a phage peptide library 



11 64 C. Konigs et al. 



Table 1. Sequences of phage clones isolated by biopan- 
ning, frequency and reactivity by ELISA 



Name of 
phagotope 


Sequence 


Number 
of times 

oBICulCU 


A a) 


mAb 3A9 selected 








3A9/1 


C-HASIYDFGS-C 


18 


2.7 b) 


3A9/8 


C-VYALIMPPL-C 




2.6 


mAb 5C7 selected 








5C7/1 


C-PHWLRDLRV-C 






5C7/8 


C-LPPSYCFGS-C 


1 


2.4 


5C7/9 


C-PPVFGTFTS-C 


1 


2.2 


5C7/54 


C-YGPFSRASY-C 


1 


1.6 


5C7/58 


C-MPPSMTSVS-C 


1 


1.8 



a) A values indicate units (415 nm) measured at 15 min, 
after subtraction of background. 

b) All 18 phagotopes with this sequence were highly 
reactive (A > 2.5). 

c) All 15 phagotopes with this sequence were highly 
reactive (A > 2.4). 



est peptide concentration (0.1 mg/ml), possibly because 
contact residues for binding of the peptide to mAb 3A9 
were masked during immobilization of the peptide on 
plastic. The synthetic peptides in their linear forms, 
P3A9/1 and P5C7/1, were tested in the same way. The 
linear peptides showed reactivity with the mAb in a 
dose-dependent manner but to a much lesser degree 
than that of the cyclic peptides (data not shown). The C 
residues of the linear form were protected to avoid spon- 
taneous oxidation. 

Inhibition ELISA were performed to test whether the pep- 
tides inhibited the binding of mAb to the phage display- 
ing the peptide insert of interest. Clones 3A9/1 and 5C7/ 
1 were chosen for inhibition studies since they showed 
the strongest reactivity with the mAb. The mean absor- 
bance observed in 1 2 wells without inhibitor was used as 
zero inhibition, and significant inhibition was assessed by 
an absorbance less than mean minus 2 SD for the control 
wells. This represented > 5 % inhibition for mAb 3A9, and 
> 8 % for 5C7. Peptides P3A9/1c and P5C7/1c inhibited 
binding of the mAb 3A9 and 5C7 to the phage clones 
3A9/1 and 5C7/1, respectively, in a dose-dependent 
manner. Reactivity of mAb 3A9 with phage clone 3A9/1 
was inhibited up to 44 % at 100 [ig/ml P3A9c, and reac- 
tivity of mAb 5C7 with phage clone 5C7/1 was inhibited 
up to 55 % at 1 00 fxg/ml P5C7c (Fig. 2). It was not possi- 
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Fig. 1. mAb 3A9 and 5C7 bind synthetic peptides. The syn- 
thetic peptides P3A9/1c (upper) and P5C7/1c (lower) (black 
bars) were immobilized on microtiter plates and tested by 
ELISA with 5 ng/ml mAb 3A9 (upper) and mAb 5C7 (lower). 
Absorbance (y axis) was measured at 415 nm after 30 min. 
Columns show means (n = 2) and error bars represent ± 1 
SD of the mean. The control peptides PCII-C1c (white bars) 
and PGAD1 (gray bars), tested at 0.1 and 0.02 mg/ml, were 
minimally reactive. 

ble to test the peptides at concentrations >0.1 mg/ml, 
and complete inhibition with the peptides could not be 
demonstrated because of the very strong reactivity of the 
mAb with the corresponding phagotopes (ELISA A > 2 at 
15 min). However, there was no evidence that the inhibi- 
tion had reached a plateau at 0.1 mg/ml, so that 100% 
inhibition would likely have been achieved if higher pep- 
tide concentrations had been attainable. With the control 
peptide PGAD1 at any concentration, the maximum inhi- 
bition obtained was 3 % for either mAb (Fig. 2). 

The ability of each mAb to bind to phagotopes selected 
by the alternative mAb was tested by direct ELISA. Both 
3A9 and 5C7 treated similarly with the phagotope most 
frequently selected by the alternative mAb (Fig. 3), and 
this was confirmed by using the synthetic peptides as 
antigen in similar assays (Fig. 3, inset). 

The affinity of binding of mAb with the selected and alter- 
native peptides was 19 nM and 18 nM for 3A9 and 
13 nM and 23 nM for 5C7 as determined by Biocore (see 
Sect. 4.5.4). 
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Fig. 2. Synthetic peptides inhibit binding of mAb to phage 
clones. The phage clones 3A9/1 (upper) and 5C7/1 (lower) 
were immobilized on microtiter plates and tested by ELISA 
with 5 ng/ml mAb 3A9 (upper) and mAb 5C7 (lower). The 
synthetic peptides P3A9/1c (upper) and P5C7/1c (lower) 
(black bars) were added to the mAb at different concentra- 
tions to demonstrate inhibition by synthetic peptide of inter- 
action of mAb with phage clones. Absorbance was mea- 
sured at 415 nm after 30 min. There was not inhibition with 
the control peptide PGAD1 (white bars). Significant inhibition 
was based on mean A ± 2 SD for 12 control wells without an 
inhibitor. 



2.3 Inhibition of mAb binding to cell surface- 
expressed CCR5 
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Fig. 3. mAb 3A9 and 5C7 bind to phagotopes selected by 
either antibody. ELISA (A415 nm, y axis) were performed as 
described for Figs. 1 and 2 using doubling dilutions of the 
mAb 3A9 and 5C7. Both 3A9 and 5C7 reacted equally well 
with the most frequently selected phagotopes 3A9/1 and 
5C7/1. Similar results were also obtained (inset) using the 
synthetic peptides P3A9c and P5C7c 



B-P5C7/1, addition of sCD4 resulted in a tenfold 
increase in reactivity. Comparing both peptides, 
B - P3A9/1 showed a remarkably higher reactivity with 
the virus isolate than B ~ P5C7/1. 



mAb 3A9 reacted strongly with CCR5-transfected L1.2 
cells, as reported [21]. The peptide P3A9/1c inhibited 
staining of cells with mAb 3A9 over a range of concentra- 
tions, with a maximum of 61 % at a peptide concentra- 
tion of 0.1 mg/ml compared with mAb 3A9 staining with 
no inhibiting peptide (Fig. 4). The inhibition from peptide 
concentrations of 0.01 mg/ml and higher was significant 
(p < 0.00005). 



2.4 Synthetic peptides bind gp120 of primary 
isolate 

Peptides B-P3A9/1 and B-P5C7/1 bound to epi- 
topes on a clade B primary isolate of HIV-1 termed 
D117III [28]. The binding was CD4 dependent (Fig. 5). 
Both peptides gave reactivity only at the highest peptide 
concentration tested (1 00 M-g/ml). For B - P3A9/1 reac- 
tivity was doubled in presence of 1 0 ng/ml soluble (s) 
CD4 compared with the control without sCD4. For 




peptide concentration mgjmi 



Fig. 4. Synthetic peptide P3A9/1c inhibits binding of mAb 
3A9 to CCR5. Microscope slides were coated with the 
CCR5-expressing cell line L1.2 CCR5 and tested with 5 p.g/ 
ml mAb 3A9 by indirect immunofluorescence (see Sect. 4.6). 
The synthetic peptide P3A9c was added at concentrations 
of 0.001 to 0.1 mg to show inhibition of mAb interaction with 
the receptor. The emitted fluorescence was measured (see 
Sect. 4.6) and the mean fluorescence (n - 65 cells mea- 
sured per peptide concentration) is shown as percent inhibi- 
tion. Bars show 1 SEM. 
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F/g. 5. Synthetic peptides bind CD4-induced epitopes on gp120. Primary HIV-1D117III was immobilized on microtiter plates; 
sCD4 and biotinylated peptides were added at the concentrations indicated. In parallel biotin attached to a peptide spacer was 
added at the same concentrations as for the negative control. The A (492 nm, y axis) observed with the negative control (maximal 
A with 100 ng/ml peptide: 0.031) was subtracted from the A measured for peptides B — P3A9/1 and B — P5C7/1. Columns 
show the mean of peptide samples minus the background. 



3 Discussion 



The screening of a nonameric phage-displayed random 
peptide library with mAb raised against the chemokine 
receptor CCR5 has identified two peptide inserts that 
react as phagotopes and also as linearized and cyclic 
synthetic peptides with the corresponding mAb. These 
peptides represent mimotopes indicative of the reactive 
sites for these antibodies. Previous studies using chime- 
ric molecules identified a reactive site on CCR5 for mAb, 
including 3A9 and 5C7, located at the N terminus [27], 
but without identification of contact residues, and a site 
on the second extracellular loop was postulated, based 
on use of an mAb not included in this study. These data, 
and the reported sequence of CCR5 [29], allow the fol- 
lowing sequence alignments. For the sequence isolated 
with mAb 3A9, C-HASIYDFGS-C, the residues SIYD can 
be aligned to residues 6 or 7, 9, 10 and 11 at the N termi- 
nus of CCR5, and the residues FG to residues 96 and 97 
on the first extracellular loop (Fig. 6 a). These residues do 
not occur on the N terminus of the receptor CCR2b, con- 
sistent with the lack of reactivity of mAb 3A9 with a chi- 
meric molecule displaying the N terminus of CCR2b on a 
CCR5 background [27]. On the other hand, the mimo- 
tope for 3A9 contained the motif FG which is shared by 
the first extracellular loop of CCR5 and CCR2b, and chi- 
meric molecule containing the first extracellular loop of 
CCR2b on a CCR5 background displayed all identified 
contact residues, and hence was fully reactive with mAb 
3A9. However, the identification of critical residues for 



mAb binding that might be shared by both receptors 
cannot be addressed by studies on chimeric molecules. 

The mimotope for the other mAb, 5C7, represented simi- 
lar regions of CCR5, together with a possible site on the 
third extracellular loop. For the prevalent sequence C- 
PHWLRDLRV-C isolated by mAb 5C7, there is alignment 
to residue 8(P) at the N terminus, and to residues 88(H) 
and 94(W) on the first extracellular loop, as for the 3A9- 
derived sequence (Fig. 6 b). A presumed motif, repre- 
sented by the phagotope sequence DLR, could corre- 
spond to a sequence of CCR5, residues 274-276 (RLD), 
on the third extracellular loop but exhibited in reverse, 
assuming that the third extracellular loop has a location 
opposite to the first extracellular loop, as shown in 
Fig. 6 b. Reactivity of mAb 5C7 with the N terminus has 
already been shown [27]. The residues HW of the mimo- 
tope, representing parts of the first extracellular loop, are 
also present on CCR2b as are two of the three residues 
RLD on the third extracellular loop. Our conclusions are 
supported by the reactivity of synthetic peptides with 
sequences corresponding to those of the isolated pha- 
gotopes. Thus the peptides C-HASIYDFGS-C and C- 
PHWLRDLRV-C inhibited the strong reactivity of mAb 
3A9 or 5C7 with the cognate phagotopes when tested by 
ELISA, and C-HASIYDFGS-C inhibited the binding of 
mAb 3A9 to cells transfected with a cDNA for CCR5 in 
studies by indirect immunofluorescence. Moreover, both 
of the mAb 3A9 and 5C7 reacted in ELISA with the pha- 
gotopes and the corresponding peptide selected by the 
alternative mAb, suggesting that the epitope recognized 
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Fig. 6. Proposed contact residues on chemokine receptor 
CCR5. Contact residues and their presumed location are 
shown for (a) mAb 3A9 on the N terminus (SIYD) and the first 
extracellular loop (FG) and for (b) mAb 5C7 on the N termi- 
nus (P), the first extracellular loop (HW) and the third extra- 
cellular loop (DLR). 

by 3A9 and 5C7 is similar. These observations are in line 
with the predicted structure of chemokine receptors, 
since a circular alignment of transmembrane a-helices 
would place the third extracellular loop opposite to the 
first extracellular loop, and create a conformational epi- 
tope from residues on the N terminus, and the first and 
third extracellular loop. Topographically the mimotopes 
for 3A9 and 5C7 involve similar regions of CCR5, as 
expected since both antibodies have been shown to 
react with the N terminus and have similar properties in 
that they inhibit CCR5-mediated entry of HIV-1 but do 
not affect interaction of chemokines with the receptor. 
The apparent reactivity of the mAb with the N terminus, 
the first extracellular and possibly the third extracellular 
loop, without affecting chemokine binding points to the 
second extracellular loop as a critical site for chemokine 
interaction, consistent with previous findings from stud- 
ies on chimeric receptors [27]. 

Our data on epitope mapping for mAb to CCR5 are sup- 
ported by a recent study by Lee et al. [30] who mapped 
18 mAb to CCR5 on chimeric molecules and by alanine 
scan mutagenesis. They identified only a few antigeni- 
cally dominant sites, with the indication that some of 
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their mAb would react with epitopes similar to 3A9 and 
5C7. The epitopes for 7 of the 18 mAb were mapped to 
the IM terminus on chimeric molecules, and site-directed 
mutagenesis revealed binding residues for three mAb on 
the N terminus of CCR5 identical to those identified for 
the mAb of our study. These residues include S6/7, 19, 
Y1 0 and D1 1 . Only one of the mAb (CTC8) in the study of 
Lee et al. [30] with these contact residues was tested for 
inhibition of chemokine binding, gp120 binding and cel- 
lular fusion. It showed effects similar to those of 3A9 and 
5C7, but to a much lesser degree [21, 30]. This may 
account for the fact that CTC8 recognizes a linear epi- 
tope on the N terminus, whereas 3A9 and 5C7 recognize 
conformational epitopes. Another antibody, CTC12, had 
identical contact residues on the N terminus as 3A9, and 
also recognizes a conformational epitope, but this mAb 
was not tested in inhibition assays. Lee et al. [30] recog- 
nized the same limitations to the use of chimeric recep- 
tors for epitope mapping that we comment on above. 
Thus they could not exclude any involvement of addi- 
tional residues for mAb binding that were conserved in 
the receptors used for generation of the chimeric mole- 
cules. They tried to obviate these limitations by using a 
large panel of different chimeras, yet all residues on the 
first extracellular loop, and some of those on the third 
extracellular loop that were identified in our study using 
3A9 and 5C7, were in fact present in all of the chimeric 
molecules used by Lee et al. Thus these residues could 
not be examined as possible contact residues for mAb to 
CCR5. In another study Olson et al. [31] raised another 
six mAb to CCR5, and mapped epitopes by use of ala- 
nine scan; binding of five out of these six mAb required 
the same N-terminal residues which we identified for 3A9 
and 5C7, together with other residues on the extracellu- 
lar loops. 

mAb 3A9 and 5C7 inhibit binding of the gp120 molecule 
of HIV-1 to CCR5, but it is not known whether this inhibi- 
tion occurs by competition for an identical binding site, 
or by steric hindrance. Several groups have shown the 
importance of the N terminus and extracellular loops for 
cellular entry of R5 viruses [6, 32, 33]. The significance 
of single residues for coreceptor function has been 
addressed by N-terminal truncations and alanine re- 
placements of single residues. Despite the large variation 
in contact residues according to cell type and HIV-1 
strain, most of the contact residues for 3A9 and 5C7 
identified in this study contributed to gp120 binding; 
thus residues 1-19 and 4-25 were identified as crucial 
for coreceptor function [34, 35]. Among these residues, 
coreceptor function was attributed to 6S [36], 10Y [35, 
37, 38], 11D [35, 37, 39], with other residues defined for 
various isolates (reviewed in [33, 40]). There are no data 
available for residues 94W, 95D, 96F and 97G of the first 
extracellular loop. However, two further studies demon- 
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strated the importance of the third extracellular loop for 
viral entry in that residues 274R and 276D, which are part 
of our proposed epitope for 5C7, were involved in co- 
receptor function [41, 37]. 

These and our own data strongly implicate the usage of 
similar residues of CCR5 for mAb 3A9 and 5C7 contact 
and for binding of gp120. Therefore we tested the syn- 
thetic peptides that represent the mAb binding sites for 
reactivity with the primary isolate HIV-1 D117m . We could 
show that both synthetic peptides bind to CD4-induced 
epitopes on a primary HIV-1 isolate. The mimotope cor- 
responding to mAb 3A9 gave better binding than did 
the 5C7 mimotope, as expected because the peptide 
P3A9/1 contains a motif of the Y-rich region of the N ter- 
minus. This region has a charge similar to that of the sur- 
face of mAb 1 7b that binds to CD4-induced epitopes on 
gp120 as resolved in the gp1 20 crystal structure [42, 43]. 
Therefore the Y-rich region would be expected to bind to 
a similar part of the CD4-induced epitopes. 

Taking together the data on residues required for HIV-1 
entry, and the fact that both of the synthetic peptides 
corresponding to reactive phagotopes show a similar 
reactivity with the mAb, but have a remarkably different 
reactivity with the HIV-1 D117Hh we conclude that the N- 
terminal part of the epitopes for mAb 3A9 and 5C7, and 
gp120 on the other hand, are not identical but overlap 
closely. This applies to a greater extent to 3A9 than to 
5C7. 

In conclusion, we have used a phage-displayed peptide 
library to ascertain nonapeptide mimotopes on the che- 
mokine receptor CCR5 for two mAb known to react with 
the receptor and to inhibit CCR5-dependent entry of 
HIV-1. These mimotopes represent a part of the gp120 
binding site on CCR5. Our findings bear on the tertiary 
structure of the receptor, and could be relevant to the 
design of drugs that prevent access of HIV-1 to CCR5- 
expressing cells, yet spare the interaction of the receptor 
with its natural ligands. 

4 Materials and methods 

4.1 mAb 

mAb 3A9 and 5C7 were generated by immunizing mice with 
a murine prelymphoma cell line transfected with CCR5 (L1 .2 
CCR5) and were derived as described previously [21]. 

4.2 Phage-displayed random peptide library 

The phage library contained 1 x 10 7 random nonapeptide- 
encoding inserts, "constrained" by flanking cysteine resi- 



dues, in the pVIII coat protein of phagemid pC89 [44]. For 
biopanning [45], 2.7 x 10 12 phage particles and 40 \ig mAb in 
PBS, pH 7.3, supplemented with 1 mg/ml BSA (PBS-BSA) 
were left overnight at 4°C and phage-antibody complexes 
were isolated using magnetic beads coated with anti-mouse 
IgG (Chemicon, Temecula, CA). Bound phages were eluted 
with 1 mg/ml BSA in 0.2 M glycine-HCi, pH 2.2, neutralized 
using 1 M Tris-HCI, pH 9.1, propagated in Escherichia coli 
strain K91 with helper phage M13K07 (Pharmacia, Uppsala, 
Sweden), and grown selectively with 1 00 ng/ml ampicillin 
and 70 ng/ml kanamycin. Bacteria were pelleted by two 
centrifugations for 1 5 min at 40000 x g. Phage particles 
were precipitated from the supernatant with 5 % PEG 6000 
and 0.5 M NaCI on ice for 1 h and pelleted by centrifugation 
for 15 min at 10 000 xg. The pellet was resuspended in 
10 mM Tris, 1 mM EDTA, pH 8. Precipitation with PEG/NaCI 
was repeated and the final phage pellet was resuspended 
in PBS and used for further rounds of biopanning. After 
the first, second and fifth positive selection with tenfold 
decreasing concentrations of mAb to the lower limit of 
0.4 ng/ml, negative selections were performed with mag- 
netic beads in PBS-BSA but no mAb. Single phage clones 
thus isolated were amplified and purified. 

4.3 DNA sequencing 

Phage clones that showed strong reactivity in the capture 
ELISA (see below) were selected, and single-stranded DNA 
was extracted [46] and sequenced using the Sequenase 
Version 2.0 T7 DNA Sequencing kit (Amersham, Life Sci- 
ence, Cleveland, OH), with samples run on a 4.5 % acryt- 
amide denaturing gel before exposure to film and develop- 
ment [46]. 

4.4 Peptide synthesis 

Peptides that corresponded to the two inserts most fre- 
quently isolated by the mAb, termed P3A9/1 and P5C7/1 , 
were synthesized on a PS3 Protein Technologies Automatic 
Peptide Synthesizer (Rainin Instrument Company, Woburn, 
MA) by solid phase chemistry [47] using Fmoc-protected 
amino acids (Auspep, Parkville, Victoria, Australia) with anal- 
ysis and purification of the peptides by reverse phase (RP)- 
HPLC and electrospray MS. As the peptide inserts are 
flanked by cysteine residues, a cyclic structure may form in 
the phage coat protein. Therefore an aliquot of the peptides 
was deprotected and oxidized with iodine in 95% acetic 
acid to form a disulfide bond between the flanking cysteine 
residues to give the cyclic peptides P3A9/1c and P5C7/1c. 
Linear and cyclic forms of the peptides were verified by RP- 
HPLX and MS. 

For gp1 20 binding studies the two peptides were again gen- 
erated as above, but attached to biotin by a (3ApA-spacer to 
generate B-P3A9/1 and B — P5C7/1. The pApA-spacer 
was also attached to biotin without any further peptide 
(B ~ only). 
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As controls we used two peptides, one cyclic and one linear, 
and corresponds to two inserts from phagotopes derived by 
screening the library with two irrelevant mAb. The cyclic 
peptide C-IAPKRHNSA-C, termed PCII-C1c, was derived by 
screening with the mAb CII-C1 raised against type II col- 
lagen [48], and the linear peptide LKIGDFPAG, termed 
PGAD1, was derived by screening with the mAb GAD1 
raised against glutamate decarboxylase [49]. 



4.5 ELISA procedures and measurement of affinity 
4.5.1 Capture ELISA 

Ninety-six-well microtiter plates (Maxisorp, Nunc, Denmark) 
were coated with 1 ng mAb per well in 1 00 \i\ PBS and left 
overnight in a humidified box at 4°C. Plates were blocked 
for 1 h at room temperature with 1 % skimmed milk powder 
in 0.05 % Tween-20 in PBS (MP/PBS-T) and washed three 
times with Tris-buffered saline, pH 7.4 and 0.05 % Tween-20 
(TBS-T). Duplicate samples of 100 \i\ PBS containing 5 \i\ of 
the phage clone were added to the wells and held overnight 
at 4 °C. Wild-type phage (f1) was used as a negative control. 
The plates were blocked and washed before adding 100 pil 
of a 1:2000 dilution of anti-M13 antibody (Pharmacia) in 
MP/PBS-T. Bound phage was detected by adding horse- 
radish peroxidase (HRP)-conjugated anti-sheep/goat anti- 
bodies (Silenus, Hawthorn, Australia) diluted 1/2000 in MP/ 
PBS, and development with 0.5 mg/ml 2,2-azino-di-(3- 
ethyl-benzthiazoline 6 sulfonate) (ABTS; Diagnostic Chemi- 
cals, Charlottetown, Canada) in 0.03 M citric acid, 0.04 M 
Na 2 HP0 4 , pH 4 and 0.003 % H 2 0 2 . After 15, 30 and 60 min, 
the A at 415 nm was measured. 



4.5.2 Direct ELISA 

Microtiter plates were directly coated with 5 nl amplified 
phage in PBS, left overnight at 4 °C, washed and blocked, 
and mAb were added at 1 0 ng/ml in PBS and left for 4 h. For 
measurement of cross-reactivity of mAb with the alterna- 
tively selected phagotopes and corresponding synthetic 
peptides, doubling dilutions of the mAb starting from 5 ng/ 
ml were used. The plates were exposed to anti-mouse HRP- 
conjugated antibody diluted 1 :2000 for 2 h. 



4.5.4 Peptide ELISA 

Plates were coated with the synthetic peptide P3A9/1c or 
P5C7/1C at concentrations of 100, 20, 10, 5 or 1 pig/ml, or 
no peptide, in carbonate/bicarbonate buffer, pH 9.6, left 
overnight, washed and blocked with PBS containing* 3 % 
BSA. As primary antibody, 100^1 mAb 3A9 for peptide 
P3A9/1 c and mAb 5C7 for peptide P5C7/1c, at a dilution of 
5 ng/m\ in PBS with 1 % BSA, was added to the wells; 
peptide-antibody complexes were detected using HRP- 
conjugated anti-mouse antibody. For the cross-reactivity 
studies, plates were coated with 20 ng/ml of the synthetic 
peptide. Control peptides were tested at 1 00 and 20 ng/ml. 

The affinity of binding of mAb with the selected and alterna- 
tive peptides was determined using a Biacore. Peptides 
were coupled to a CM5 sensorchip via the terminal cyste- 
ines, and five dilutions of antibody ranging from 31.25 to 
580 nM were passed over the surface using PBS with 
0.005 % Tween-20 as running buffer. Data were analyzed 
using BIA evaluation 3.0 software and fitted to a model for a 
bivalent analyte with Chi square values less than 1 in each 
case. 



4.5.5 gp120 binding by ELISA 

A primary HIV-1 B clade isolate termed D117III [28] was 
immobilized on microtiter plates overnight at 4°C. After 
three washes with TBS/Tween, recombinant sCD4 in PBS 
(gift of R. Sweet, SmithKline Beecham, obtained through the 
AIDS Reagent Program) was added at 10ng/ml, 1 ng/ml 
and nil. Plates were left at room temperature for 5 h, super- 
natant was aspirated and complexes were fixed and inacti- 
vated with 4 % paraformaldehyde for 45 min. Wells were 
washed as before and blocked with MP/PBS/Tween for 2 h. 
After further washes, B ~ P3A9/1 , B - P5C7/1 and B ~ only 
(see Sect. 4.4) were added at 100, 10 and 1 ng/ml and no 
peptide in MP/PBS/Tween. Plates were left at 4°C over- 
night and washed; bound peptide was detected using 
a streptavidin-HRP conjugate (Immunotech, Marseille, 
France) diluted 1/500 in PBS. After 2 h at room temperature 
and washed as above, plates were developed with o- 
phenylenediamine (OPD) substrate (Sigma chemicals). The 
reaction was stopped after 6 min with an equal amount of 
1 N H 2 S0 4 . A was measured at 495 nm (reference: 620 nm). 



4.5.3 Inhibition ELISA 

The capacity of synthetic peptides to inhibit the binding of 
mAb 3A9 to phagotopes was measured by coating microti- 
ter plates with selected phage clones, and adding inhibitory 
peptides at 100, 10, 5 or 1 ng/ml to 100 nl mAb 3A9 or 5C7 
at 5 fig/ml. 



4.6 Indirect immunofluorescence 

The murine prelymphoma B cell line L1.2 stably transfected 
with and expressing CCR5 at high levels was cultured [21] 
and cells were immobilized on poly-L-lysine-coated micro- 
scope slides by cytospin and air dried, before addition of 
50 jil mAb 3A9 or 5C7 (5 ng/ml in PBS with 1 % BSA). Cells 
were exposed to FfTC-conjugated anti-mouse antibody 
(Silenus) at 1/2000 in 0.5 M carbonate buffer with 1 % BSA, 
pH 8.6. The slides were dried and mounted using 90 % glyc- 
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erol, 10% PBS and 0.1% p-phenylenediamine, pH 8.0. 
Epifluorescent microscopy was performed using a 40 x 
objective lens. Images were digitized and emitted fluores- 
cence was measured in OD units using MCID image analysis 
software (Imaging Research Inc., Catharines, ON, Canada). 
Background fluorescence was subtracted. Peptide P3A9/1c 
was added at concentrations of 100, 20, 10 and 5 ng/ml, or 
no peptide, to the primary antibody before exposure to the 
cells and epifluorescence microscopy, to assess inhibition of 
binding of mAb to CCR5. 



4.7 Statistics 



Data were tested for significance using Student's f-test. 
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